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Background: Synchrotron radiation sources have made
impressive contributions to macromolecular crystallogra-
phy. The delay in development of appropriate X-ray
detectors has, however, been a significant limitation to
their efficient use. New technologies, based on charge-
coupled devices (CCDs), provide capabilities for faster,
more accurate, automated data collection.
Results: A CCD-based X-ray detector has been devel-
oped for use in macromolecular crystallography and has
been in operation for about one and a half years at
the Cornell High Energy Synchrotron Source. It has been
used for a variety of crystallographic projects, including a
number of high-resolution structural studies. The statisti-
cal quality of the data, the detector's ease and efficiency of
use, and the growing number of structural results illustrate
the practical utility of this new detector system.
Conclusions: The new detector has enhanced capabilities
for measuring diffraction patterns from crystals of macro-
molecules, especially at high resolution, when the X-ray
intensities are weak. The survey of results described here
ranges from virus crystallography to weakly diffracting
small-molecule structure determination and demonstrates
the potential of CCD detectors when combined with
synchrotron radiation sources.
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Introduction
The dramatic impact of macromolecular X-ray crystallog-
raphy upon the biological sciences has stimulated intense
interest in the use of synchrotron radiation methods for
achieving faster and better structural determinations. Syn-
chrotron storage ring sources provide tunable 'X-rays in
sufficient numbers to allow the routine determination of
the structures of very large macromolecules to atomic res-
olution [1]. For many crystals, recently developed flash-
freezing techniques [2-5] have mitigated the constraints of
radiation damage to the point where complete data sets
have been obtained in a matter of hours, using just one
small crystal. Optimum exploitation of these methods has,
however, been limited by the available X-ray detector
technologies: X-ray film is cumbersome and of limited
dynamic range, and gas proportional counters (detectors
that record X-ray intensities by the conversion of photo
energy into charge in an ionizable gas followed by capaci-
tative readout of the charge) have not been developed that
can handle the high count rates routinely obtained with
advanced synchrotron sources [6]. Some relief has been
obtained by the use of recently developed image plate
(IP), or storage phosphor, detectors [7-9], but even with
these detectors, the mechanics of exposing and reading
out the IP restrict the rate at which data can be obtained.
Furthermore, although IPs are suitable for a wide variety
of experiments, the resolution, sensitivity, and systematic
effects (regional inconsistencies across the face of the
detector) in these detectors are problematic [10], espe-
cially for samples that display a very high-resolution dif-
fraction pattern that has inherently low contrast against
the incoherent background [11].
X-ray area detectors based on the charge-coupled device
(CCD) are being developed intensively for use in
macromolecular crystallography at synchrotron X-ray
sources [12-16]. Tests of CCD detectors demonstrated
that they have important advantages over IP detectors
[17]. These detectors operate by imaging, onto a CCD,
the light emitted when an X-ray pattern is incident on a
thin, dense, phosphor or scintillating screen. The result-
ing light image is recorded by the CCD and, after a suit-
able exposure time, read directly into computer
memory. The direct coupling of the fiber optic taper
with the CCD, without any other intervening optical
element, is an important design feature because image
intensifiers and lenses, used in numerous previous
designs, have lead to data quality being degraded, design
complexity, and overall detector unreliability [18]. At the
Cornell High Energy Synchrotron Source (CHESS),
one such detector (Fig. la), developed by a collaboration
with the Physics Department at Princeton University
[12], has been successfully collecting macromolecular
diffraction data for over a year.
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the CCD detector has been used for virus crystallography,
the collection of small-molecule crystal data using high-
energy radiation, and multiple wavelength anomalous dif-
fraction (MAD) phasing experiments. The purpose of this
manuscript is to describe some of the structural results that
have been obtained using the CCD detector at CHESS
and to demonstrate the potential benefits of CCD detec-
tors to the biological community. A detailed technical
description of the detector used for these experiments has
been published elsewhere [12].
Results
High-resolution data
A sample diffraction image, recorded on the CCD, from a
crystal of human rhinovirus-16 (HRV-16) in a complex
with an inhibitor is shown in Figure 2a [19]. Despite
these crystals having a relatively large orthorhombic cell
(P2212 1; a=362.6 A, b=347.1 A, c=334.9 A), individual
diffraction spots were resolved to beyond 3 A resolution
using a crystal to detector distance of 135 mm. A small
test data set was collected for these crystals that was 10%
complete to the processing limit of 2.75 A with an Rsym
of 8.1%. (All RYm values are based on I (Intensity).) Fur-
thermore, the signal to noise ratio (i.e. average I/t(I)
where r is roughly the standard deviation) of this data was
7.5 in the highest resolution bin. The quality of these data
is better than previously attained for this project, using
film or IPs (MG Rossmann, personal communication).
Although, in some cases the small active area of this pro-
totype detector prevents the recording of an entire diffrac-
tion pattern in a single image, it has nonetheless proved
useful even for such large unit cells as HRV-16.
Fig. 1. The CCD detector available at CHESS for the collection of
macromolecular diffraction data. (a) Photograph of the CCD
detector mounted on an optical rail in the CHESS Al station. (b)
Schematic figure of the current detector (adapted from [12], with
permission). In outline, it consists of a 75 mm diameter, X-ray
sensitive Gd 2S 2O:Tb phosphor (11.5 mgcm-2) which is mounted
on the large end of a 2.6:1 reducing fiber optic taper. The small
end of the taper is, in turn, directly attached to a scientific CCD
equipped with a fiber optic button. The CCD is a 1024x 1024
pixel chip with 19.5p jm 2 pixels and active area of 51 mm2
(Thomson TH7896AVRNF, Thomson Military and Space Compo-
nents, Totowa, NJ). The CCD is thermoelectrically cooled to
-60 C for low noise performance and is read (after 20 s) by a
low noise 16-bit controller (Princeton Scientific Instruments,
Monmouth Junction, NJ).
To demonstrate the utility of the CCD detector, a small
sample of the diverse array of crystallographic projects for
which diffraction data have been collected at CHESS is
described below. The quality of the data obtained was the
result of a combination of improvements including the
new detector design, enhancements in the performance of
the CHESS Al station (X-rays are supplied by the A-line
24 pole wiggler) and the routine use of low-temperature
data collection. Together, these advances facilitate the
high-resolution analysis of macromolecular structure. In
addition to the collection of monochromatic protein data,
Similar successes, but at much higher resolution, have
been obtained for protein crystals of more typical unit-cell
dimensions. Two such examples include the proteins
purine nucleoside phosphorylase (EPNP) from Escherichia
coli and concanavalin A (ConA) from Canavalia enslformis.
The former is a 150 kDa hexameric enzyme which func-
tions in the purine salvage pathway, catalyzing the
reversible phosphorolysis of both purine ribonucleosides
and 2'-deoxyribonucleosides to yield free base and ca-(2'-
deoxy)ribose-1-phosphate [20]. It was crystallized in
space group P2 1 (a=89.5 A, b=112.0 A, c=75.0 A,
3= 111.00) with an entire hexamer in the asymmetric unit
(M Zhou, C Mao, and SE Ealick, Abstract PAC10 of the
Annual American Crystallographic Association Meeting
in Atlanta, Georgia, June 1994). A sample diffraction
image for a data set collected on a complex between
EPNP and a substrate, inosine, is shown in Figure 2b.
Crystals were previously observed to diffract to 1.9 A res-
olution on a rotating anode source, but, as seen in the dif-
fraction image using the CCD detector at CHESS,
integrated intensities were observable to 1.3 A, with an
average I/r(I) of 3 in the highest resolution bin. Structure
refinement using these data is currently in progress.
ConA is a 50 kDa dimeric lectin whose structure has
been solved to a highest resolution of 1.6 A [21,22]. The
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Fig. 2. Diffraction images recorded with
the CCD detector at CHESS. (a) Verti-
cally offset configuration image from
a crystal of human rhinovirus-16(HRV-16) in a complex with an
inhibitor. The upper corners of the
image are 2.3 A in resolution. (b) Sym-
metric configuration image recorded
from a frozen crystal of a complex
between E. coli purine nucleoside phos-
phorylase (EPNP) and a substrate, ino-
sine. Diffraction is visible in the corners
of this image at 1.3 A resolution.
I222 ConA crystal form (a=88.7 A, b=86.5 A, c=62.5
A) is being used for very high-resolution (1.0 A) struc-
tural studies in order to precisely define the details of the
lectin's binding site [23]. To address this goal, the CCD
was used on station Al to collect multiple data sets on
frozen crystals of ConA [24]. Diffraction maxima of
0.98 A were observed at the edges of the detector. This
represents a far higher resolution than ever observed
before for these crystals. In order to measure data at this
resolution the detector was offset from the symmetric
position, thus limiting completeness and redundancy of
the highest-resolution data. For the data obtained
between 0.98 A and 100 A resolution, an overall Rym of
5.5% and completeness of 62% were obtained. Further
analysis of Rsym as a function of resolution revealed data
agreement ranging from 4.7% in the lowest bin to only
11.0% in the highest. These data are currently being used
in high-resolution structural refinements.
High-resolution protein structure refinement
The high-resolution refinements for a number'of protein
structures have been completed using data collected by
the CCD detector. One such example is that for soybean
lipoxygenase (LPX), which was carried out using
a 1.4 A data set collected from a single frozen crystal.
This enzyme is an 839 amino acid iron-containing
dioxygenase, which catalyzes the hydroperoxidation of
polyunsaturated fats. It has been crystallized in space
group P21 (a=95.6 A, b=94.3 A, c=50.3 A, 13-91.3 0)
with an entire monomer in the asymmetric unit. The
structure was recently determined to 2.6 A resolution
using multiple isomorphous replacement (MIR) [25,26].
The data were collected in three passes, resulting in an
overall completeness of 96% and an RsyM of 3.6% to 1.4
A resolution. The average I/ir(I) ranged from 5 in the
highest-resolution shell to 40-50 in the lowest shells. A
sample of the resulting electron density, with near atomic
detail, is shown in Figure 3a. The structure has been
refined with these data to a final R (as defined in the
Materials and methods section) of 20.3% and has been
used to confirm the geometry of the iron-binding site, as
well as the orientations of other key active-site residues.
Another striking high-resolution structural result
obtained using CCD data was the refinement to 1.0 A
resolution of the structure of the catalytic domain of cel-
lulase E2 from Thermomonospora fusca (E2C). This
enzyme (whose structure has been determined previ-
ously using MIR techniques and refined to 1.8 A resolu-
tion [27]) consists of 286 amino acid residues and
catalyzes the hydrolysis of cellulase to glucose polymers
[28]. Cryoprotecting conditions have been developed for
Fig. 3. Sample 21Fo-Fcl electron density
from high-resolution structural refine-
ments of CCD data collected on single,
frozen protein crystals. (a) Density from
lipoxygenase at 1.4 A. (b) Density from
the catalytic domain of cellulase E2 at
1.0 A resolution. The lipoxygenase den-
sity shows an aromatic cluster in the
core of the enzyme, while that for cellu-
lase represents a typical strand in the
floor of the active site (featuring the
amino acids T40, W41, F42, and A43
[in single letter code) with the two aro-
matics being particularly conspicuous
and well defined.
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Fie. 4. Difference Fourier results ob- I I
tained from data collected on the CCD
detector. Both parts of the figure illus-
trate the active-site electron density for
data collected on complexes between
non-cleavable substrate analogs and
nucleoside metabolizing enzymes. (a)
Difference electron density to 1.8 A res-
olution, calculated using low-tempera-
ture data of bovine purine nucleoside
phosphorylase (BPNP) complexed with
the nucleoside 9-deazainosine and a
frozen, isomorphous data set of native
BPNP, collected to 1.4 A resolution.
The detailed IFo(complex)-Fo(native)l map
was calculated using XPLOR. Unam-
biguous difference density is visible for
all atoms of the nucleoside. Special
attention should be paid to the detail of
the ribose hydroxyl oxygens and the
limited protein conformational changes(in particular, peaks above the purine
oxygen in position 6, indicating move-
ment in the mechanistically implicated
N243). (b) Example 2.3 A IFO-FCl electron density calculated for a pseudothymidine complex of nucleoside deoxyribosyltransferase
(TRN) after an initial round of XPLOR simulated annealing refinement. No nucleoside model was included in the refinement because of
the inability to obtain high-resolution frozen data of the native enzyme and thereby generate IFo(complex)-Fo(native)l maps. Its position and
conformation, however, could be accurately determined from the resulting difference density after refinement in its absence and it
could be modeled for subsequent rounds of refinement.
E2C crystals (P2; a=43.0 A, b=65.6 A, c=43.0 A,
,=107.3 °) and a low-temperature data set has been col-
lected at CHESS, using the CCD. The data were mea-
sured with the detector at a maximal vertical offset to
attain the highest-resolution data possible. These data
extended to 1.0 A resolution, with an overall R m of
9.1% and a completeness of 70%. The data in the high-
est-resolution shell were 40% complete with an average
I/r(I) of 3.5. A sample of the electron density calculated
using the CCD data is shown in Figure 3b. The struc-
ture has currently been refined to an R of 17.6% against
these data.
Difference Fourier analysis at high resolution
Additional high-resolution structural results have been
derived from difference Fourier analysis of enzyme-lig-
and complexes. This technique can be used for struc-
tural analysis of the active site and the conformational
changes that take place upon ligand binding. An exem-
plary system is the enzyme bovine purine nucleoside
phosphorylase (BPNP), a 97 kDa trimeric enzyme
involved in the purine salvage pathway (discussed above)
[29]. Cubic crystals were grown in space group P213
with a=94.0 (C Mao, M Zhou, SE Ealick, Abstract
PAC11 of the Annual American Crystallographic Asso-
ciation Meeting in Atlanta, Georgia, June 1994); the
three-dimensional structure was determined by molecu-
lar replacement using the human PNP structure [30] and
refined to 1.8 A resolution with conventional laboratory
data. Recently, however, a 1.4 A resolution native data
set and several complex data sets at better than 2.0 A res-
olution have been collected at CHESS using frozen
crystals and the CCD detector. Under these conditions,
the data sets tend to be 0.5 A to 1.0 A higher in resolu-
tion. These data had overall Rsym values of 5-6%, with
high redundancies and completenesses of greater than
95%. A difference Fourier for a complex between BPNP
and 9-deazainosine (a substrate analog), using 1.8 A cal-
culated phases from the native structure, is shown in Fig-
ure 4a. This difference electron density allows the
determination of precise conformational angles for the
substrate analog and the amino-acid side chains in the
active site.
A second example of an enzyme-inhibitor complex is
that of nucleoside deoxyribosyltransferase (TRN) from
Lactobacillus leichmanii bound to the non-cleavable sub-
strate analog pseudothymidine. This enzyme catalyzes the
transfer of a 2'-deoxyribosyl group from a donor nucleo-
side to an acceptor base through a covalent enzyme-ribo-
syl intermediate [31]. The enzyme is a 110 kDa hexamer
which crystallizes in the cubic space group I213 with
a=151.0 A [32]. The structure has recently been deter-
mined by SIRAS (Single Isomorphous Replacement plus
Anomalous Scattering) to 3.0 A resolution (using labora-
tory data) and refined to 2.5 A resolution (SR Armstrong,
WJ Cook, SA Short and SE Ealick, Abstract PTF03 of
the Annual American Crystallographic Association Meet-
ing in Atlanta, Georgia, June 1994). Crystals diffract to
nearly 2.0 A resolution at CHESS but are highly radiation
sensitive. Consequently, a 2.3 A resolution data set for a
pseudothymidine complex was collected using frozen
crystals and the CCD detector at CHESS. These data had
an Rsym of 5.9% and a completeness of 99% to 2.3 A.
Figure 4b shows sample electron density from the active
site of the complex between TRN and this ligand. The
current R-factor is 20.2% (SR Armstrong, unpublished
data), resulting in an electron density map that allows
unambiguous fitting of the bound nucleoside and model-
ing of conformational changes in active-site residues.
(b)
I
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High-energy small molecule structures
The CCD detector has also been used in the collection
of small-molecule crystal data with high-energy synchro-
tron radiation. The experiments described below were
performed using 25 keV X-rays from the tunable CHESS
F2 station. The short wavelength was chosen to compress
the diffraction pattern (thus optimizing the effectiveness
of the detector active area) and to minimize absorption
effects. Synchrotron radiation is particularly useful in
small-molecule crystallography as it enables the analysis
of samples too small for data collection with conventional
X-ray sources. Even though the efficiency of the phos-
phor at such energies is less than 40% [12], high-quality
data can easily be obtained. Data sets to 0.65 A resolution
were collected for two related nucleoside analogs (com-
pounds 1 and 2; see Materials and methods section) using
the CCD detector. Single crystal data sets were collected
for both compounds with Rsym values of 2.9% for com-
pound 1 (P2121 21; a=12.15 A, b=12.33 A, c=36.16 A)
and 3.9% for compound 2 (P2 121 21; a=9.42 A,
b=10.14 A, c=13.12 A). The data appeared to extend
beyond 0.65 A resolution, based upon the observation
that the average I/o(I) was greater than ten, even in the
highest resolution bins. Both structures were determined
by direct methods and refined to R-factors of 4.0% and
3.3% for compounds 1 and 2, respectively.
As another example, the structure of the 29-carbon
'potential drug' molecule, ossamycin, has been deter-
mined to 1.0 A resolution by direct methods using data
from the CCD detector (E Lobkovsky and J Clardy,
unpublished data). The structure was previously unsolv-
able using an available diffractometer data set because of
its low resolution of diffraction. High-resolution data
were measured using the CCD detector on station F2,
resulting in an overall Rsym of 4.2%. These data were
67% complete in the 1.0-1.1 A resolution range as com-
pared with only 37% for the diffractometer data. When
merged with the diffiractometer data set (Rmerge= 5.3%),
a simple structural solution resulted by direct methods,
which has since been refined to a final R of 7.6%. Figure
5a shows a sample of the atomic-level electron density
generated with these data.
Multiwavelength data for MAD phasing
Finally, the detector has been used in the collection of
multiwavelength data to be used for MAD phasing [33]. In
this experimental protocol, phasing power is based solely
upon the ability to precisely measure small anomalous and
dispersive intensity differences which occur around X-ray
absorption edges. These signals are, at best, a few percent
of the total integrated signal and thus are very susceptible
to any introduced error, including detector instability,
noise, and lack of sensitivity. Using the CCD detector and
monoclinic crystals (P2 1; a=32.51 A, b=60.67 A, c=38.14
A, P3=108.420 [34]) of the copper-containing enzyme rus-
ticyanin from Thiobacillus ferrooxidans, a three-wavelength
data set was collected on the rapidly tunable F2 station.
Using these data, the copper site was identified as the sin-
gle largest, nonorigin feature in both the maximal anom-
alous (Fig. 5b) and dispersive (Fig. 5c) difference Patterson
maps. These peaks are 11.4 and 10.0 times the root mean
square (rms) value of the map, respectively. The MAD data
have resulted in a high-quality 2.2 A electron-density map
which is being used to determine the three-dimensional
structure of rusticyanin.
applications of the CHESS CCD detec- (a) (b)
tor. (a) Atomic resolution 21Fo-Fcl elec-
tron density calculated for a previously
unsolvable small molecule structure
which was completed using direct
methods on CCD-collected data. High-
resolution (1.0 A) data using high-
energy (25 keV) X-rays were collected
on the CHESS F2 station. The XPLOR-
generated electron density was calcu-
lated based upon the completed
structure with final refinement R of
7.6%. (b,c) Harker sections (v=0.50)
from the (b) maximal anomalous and
(c) dispersive difference Patterson maps
calculated from multiwavelength anom-
alous diffraction data (MAD) collected
on monoclinic crystals of the bacterial
copper-containing, electron-transport
protein, rusticyanin. In both maps w has
values of 0-1 (left to right) and 0-0.5(top to bottom). Identical single peaks corresponding to the lone copper site in the asymmetric unit can be seen in both maps (u=0.30,
w=0.85) yielding copper coordinates of x=0.150 and z=0.425. These peaks are 11.4 and 10.0 times the root mean square (rms) values
of the maps for the anomalous and dispersive differences, respectively. Wavelength data were anisotropically and Wilson scaled using
SCALEIT of the CCP4 package and Patterson maps were generated using a Fast Fourier Transfer (FFT) program. Maps were contoured
and plotted from a 1.0 rms baseline in 1.0 rms intervals using NPO (also from the CCP4 package) with u vertical and w horizontal. The
Patterson syntheses were calculated using the squares of the amplitudes IAAnoml and IFox1-Fo,31 as coefficients, respectively, where
AAnom are anomalous differences defined as IFox+-Fox, with Fox + and Fox_ being the observed structure-factor magnitudes of Bijvoet(or Friedel) pairs of reflections (+,-), and Fox1 and FOX3 are the structure-factor magnitudes of data collected at maximal dispersive
effect (1) and reference (X3) wavelengths.
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Discussion
The prototype CCD detector used for the structural
analyses described above has been in operation for over a
year at CHESS. During that time, it has been used to
acquire a wide variety of macromolecular crystallo-
graphic data and the advantages and drawbacks of the
detector are now apparent. The electronic readout of the
CCD avoids the mechanical manipulations required to
read out IPs and allows immediate inspection of the dif-
fraction pattern. Once the user is satisfied with experi-
mental parameters, data collection proceeds in fully
automated fashion without operator intervention,
thereby greatly reducing experimental time. The solid-
state nature of the data-transfer chain, that is, from phos-
phor to CCD without intervening air or vacuum, light
or electron paths, overcomes many of the drawbacks of
other phosphor-based detectors that utilize lenses or
image intensifiers [35]. For example, it practically elimi-
nates long-range light or electron scatter, both of which
compromise the contrast that can ultimately be achieved
[36]. It also confers a great degree of mechanical robust-
ness and long-term stability upon the device: in practice,
it has thus far proved unnecessary to recalibrate the
detector for variations of flat-field response. The absence
of image intensifiers also makes the detector immune to
stray magnetic fields and simplifies the electronics (as no
high voltages are required).
Many performance specifications of the detector have
important consequences for its operation. It has been
shown to be quantum limited at one X-ray per pixel and
has a dynamic range of 41000 counts per pixel (40000
X-ray photons per pixel). Thus, the wide dynamic range
signals that occur in macromolecular diffraction patterns
can frequently be recorded with the necessary precision
in a single frame. The images are collected directly into
computer memory, without intervening mechanical-
scanning steps, and may then be stored onto disk, and/or
transmitted to a remote computer for immediate process-
ing, greatly reducing overall duty cycle. The main draw-
backs of this prototype CCD detector are its small active
area and its comparatively long readout time of 20 s. It
was initially assumed that the small area would severely
limit the use of the detector by forcing the need for very
small distances between the crystal and the detector. Its
excellent spatial resolution, however, has allowed the
acquisition of extremely accurate data from a wide vari-
ety of crystals, even at extremely short detector distances.
Furthermore, both issues have been addressed in a new
instrument, which has passed field testing and is now in
operation at CHESS. The newer detector is based upon a
2048 x 2048 pixel CCD chip and has 2.8 times the area
of the previous version and a readout time of only 5 s
(1.7 s when operated as a 1024 x 1024 detector).
The resolution of a macromolecular structure deter-
mined by X-ray crystallography is generally limited by
both the quality of the crystal and the ability to accu-
rately measure the high-angle diffraction data. While
crystal quality may be limited inherently by molecular
disorder, the accurate measurement of high-angle data is
largely limited by the signal to noise ratio of the experi-
ment. The use of synchrotron radiation, because of its
high brilliance, is now widely accepted as a means of
optimizing the accurate measurement of X-ray intensi-
ties, especially for crystals of macromolecules. In addi-
tion, radiation damage, which mostly affects high-resolu-
tion data, can be virtually eliminated by crystal freezing.
With the availability of CCD-based X-ray detectors we
are now able significantly to improve the accuracy of the
low-contrast diffraction data that are typical for crystals of
macromolecules. On the basis of our initial results, some
of which are described above, we believe that CCD
detectors, combined with synchrotron radiation and
crystal freezing, will advance the frontiers of high-resolu-
tion macromolecular crystallography.
Biological implications
At the Cornell High Energy Synchrotron Source
(CHESS), the combination of synchrotron radia-
tion, charge-coupled device (CCD) detectors, and
cryocrystallography has resulted in improvements
in the quality of diffraction data obtained, along
with a dramatic increase in the number of struc-
tures determined. The examples described in this
manuscript represent a small cross section of the
biological systems analyzed with the CCD detec-
tor and many more will soon be completed. One
example, not described here, is the structure
determination of human interferon-y/receptor
complex by MAD phasing (M Ledu, et al., and SE
Ealick, abstract of the Annual American Crystal-
lographic Association Meeting in Montreal, July,
1995). The crystals were of poor quality and
weakly diffracting and the experiment consumed
about ten days of beam time at CHESS station F2.
Without the CCD detector, we estimate that the
data collection would have taken twice as long
and might otherwise have been impossible.
The development of a solid state detector system,
designed to meet the demanding requirements of
the synchrotron data collection environment, is an
important step in increasing the utility of these
powerful facilities for structural biology. Synchro-
tron sources provide increased X-ray flux, which
is crucial in obtaining the highest-resolution data
possible from macromolecular crystals, in particu-
lar from weakly diffracting macromolecular crys-
tals. Furthermore, these facilities allow practical
data collection on macromolecular crystals with
unit-cell volumes from which it would not be fea-
sible to collect data using home sources. Finally,
they allow convenient and reliable tuning of X-ray
energies, permitting experimental protocols, such
as MAD, which are impractical in the laboratory.
All the detectors currently available, and which
are commonly used at synchrotrons, lack some of
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the characteristics desirable for the collection of
macromolecular diffraction data. CCD technology
has provided the macromolecular crystallographer
with the tools for constructing detector systems
with high sensitivity, dynamic range, counting
rate, and spatial resolution. Furthermore, the
automated nature of CCD-detector data collec-
tion minimizes the potential for human error and
frees the researcher to direct attention to other
tasks. Additionally, the fast readout results in
shorter total duty cycle time.
The prototype CCD detector discussed has greatly
simplified and streamlined the collection of
macromolecular diffraction data sets, allowing
more data to be collected in a given period of
synchrotron time. More importantly, the detector
has been responsible for the collection of diffrac-
tion data that have resulted in the determination
of numerous crystallographic structures. Most
recently, using the current detector, MAD data (for
which accurate measurement of diffraction intensi-
ties is crucial) have been successfully collected and
used to determine three-dimensional structures.
This detector, and the planned improvedefuture
generations based upon it, are currently having a
positive impact upon macromolecular crystallog-
raphy and should prove to be important advances
in optimizing the utilization of synchrotron
sources for collection of data on increasingly diffi-
cult problems in structural biology.
Materials and methods
Synchrotron data collection
Unless otherwise noted, all monochromatic data. were col-
lected using CHESS station Al tuned to an X-ray energy of
13.65 keV (0.908 A wavelength). X-rays were provided by the
A-line, 1.3 T, 24-pole, permanent magnet wiggler. A total of
1.66 mrad of the 4.22 mrad synchrotron radiation beam is
doubly focused into the Al hutch using firstly, a horizontally
focusing Si(l 11), cylindrically bent, triangular monochro-
mator followed by a vertically focusing, cylindrically bent,
rhodium-coated silicon mirror. Final collimation and beam
shaping are attained using a 0.1 mm double-pinhole collimator.
The monochromator and the geometry of the new hutch will
permit X-ray energies in the range 7.0-14.5 keV (1.77-0.85 A)
to be attained. The uncollimated beam is 0.15 mmX 2.6 mm
(full width at half maximum, FWHM) in dimension at the
focus with a flux of 1.3 x 1013 photons s- 1 and an energy reso-
lution of 52 eV at 13 keV. Using this new station configuration
the flux through a 3.0 mm collimator is 4x 1011 photons s 1,
with an energy resolution of 15 eV.
High-energy and multiple-wavelength data were collected on
CHESS station F2, a hutch that allows rapid tuning to different
wavelengths and is served by the F-line 24-pole wiggler. The
station produces a doubly focused, monochromatic beam by
use of a Si( 11) double-crystal monochromator, which pro-
vides sagittal focusing on the downstream crystal followed by
vertical focusing using a rhodium-coated silicon mirror. The
station can rapidly tune a focused beam through a wavelength
range of 6-20 keV with excellent energy resolution. Energies
of 20-50 keV can also be obtained, with some loss of beam
intensity due to suboptimal focusing of the downstream mirror.
For crystallographic experiments, the beam is finally shaped
using double pinhole collimators.
Low-temperature experimental protocol
Cryocrystallography experiments were performed with a heat
exchange cryostat (provided by Molecular Structure Corpora-
tion, The Woodlands, TX). The cryostat was operated to pro-
duce a cold-stream temperature of around -165 C at the
sample position. Crystals were mounted in loops at the station
and transferred directly into the gaseous N2 stream for flash
cooling. The mounting loops were patterned after those
initially proposed by Teng [3] and subsequently modified by
others [2]. Such flash-cooled crystals were then maintained at
cryogenic temperature through the duration of the experiment.
Before mounting, crystals were transferred from the mother
liquor to mother liquor comprising 20-50% (w/w) cryopro-
tecting small molecules. Crystals were soaked in these solutions
for times varying from several minutes to 24 h as dictated by
the individual needs of each experiment (unique experimental
details will be discussed in subsequent sections). This transfer
step is designed to increase the liquor's surface tension (facili-
tating crystal transfer and suspension in mounting loops) and to
eliminate ice-lattice formation around and within the crystals.
Data processing and structure refinement
Unless otherwise noted, all data were scaled and integrated
using iterative steps of the programs DENZO and
SCALEPACK [37]. For single-energy experiments, Bijvoet
intensities were considered to be equivalent for all data pro-
cessing and scaling steps. DENZO was used to index the data
and to refine and integrate the data from each diffraction image
individually using statistically driven positional refinement and
profile fitting. The data were then further refined, considering
each group of contiguous diffraction images to be a single
batch and using crystal-orientation parameters, unit-cell para-
meters, and mosaicities to produce the most accurate intensities
possible using SCALEPACK.
For structural refinement, most data were refined by standard
rigid-body minimization and simulated annealing using XPLOR
[38]. When referring to refinement results, R as used throughout
the paper is defined as ( Fobs-Fcac )/]Fobs where Fobs and Fcaic
are the observed and calculated (based upon the model) struc-
ture-factor amplitudes, respectively. Electron-density maps,
using appropriate coefficients noted for each experiment, were
also calculated using XPLOR unless otherwise noted.
HR V- 16 experimental protocol
Crystals of HRV-16 were provided by MG Rossmann, (Pur-
due University). Data were collected by the oscillation method
on 11 crystals maintained at 4C by FTS cooling. Between
five and seven 0.30, five second oscillations were collected per
crystal with three to four finally being used from each (due to
crystal decay). Data were processed using OSC [39] resulting in
an overall R of 8.1% for the 107723 observations of the
100899 unique reflections measured (9.9% complete) to
2.75 A resolution.
EPNP experimental protocol
Monoclinic crystals of EPNP were provided by M Zhou and
C Mao (Cornell University). Crystals were prepared for low-
temperature data collection by transfer from mother liquor to
mother liquor containing 20% (w/v) ethylene glycol, just
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before freezing (approximately a two minute soak time). A
total of 217 ° of contiguous data were collected on a single
crystal by the oscillation method in 1 wedges. Sixty seconds
per degree were required to produce adequate exposures based
upon the number of overloaded intensities at the 40 mm crystal
to detector distance used. For the 1135335 integrated observa-
tions of 187825 observed unique reflections (70% complete),
an RSM of 5.6% was obtained to 1.4 A resolution. The data
were greater than 80% complete for all resolution shells below
1.65 A resolution.
Soybean lipaxygenase experimental protocol
Monoclinic crystals of soybean lipoxygenase were provided by
W Minor (Purdue University) [40]. Crystals were prepared for
freezing by transfer from growth hanging drops to a cryopro-
tecting mother liquor consisting of 14% (w/w) polyethylene
glycol (PEG) 3350 and 29% (w/w) ethylene glycol in 0.1 M
acetate buffer at pH 5.4. The crystals were soaked for several
minutes and mounted as described. Using the oscillation
method, a total of 475 ° of diffraction data were collected in
three passes through the same crystal volume, targeting optimal
collection of high-, medium-, and low-resolution data. The
contiguous wedges consisted of 160°, 165 °, and 150°, respec-
tively, collected in 0.6°40 5- 1, 1.5°10 s-1, 5.0°5 -1 oscillations
at crystal-to-detector distances of 35 mm, 50 mm, and 75 mm.
For the 1135803 integrated observations of 169235 observed
unique reflections (96% complete) an Rsym of 3.6% was
obtained to 1.4 A resolution.
E2C experimental protocol
Crystals and data were provided by J Sakon and PA Karplus,
(Cornell University). The cryoprotecting mother liquor was
developed by the addition of 20% sucrose (w/v) to the normal
mother liquor. Crystals were soaked for 24 h before freezing.
Data were collected using the oscillation method in two passes
with the detector at distances of 40 mm and 60 mm and at
maximum vertical offset. A total of 400° of data (200° for both
the high- and low-resolution passes) were collected in 1,60 s
and 3,3 s wedges. The final data set consisted of 584467
observations of 100281 unique reflections to 1.0 A. These data
have undergone an initial cycle of anisotropic refinement to
1.0 A resolution, using the new SHELX-93 package [41]. The
current R is 17.6%, with the Rf*ee [38] of a 10% subset of
unrefined data being 20.7%.
BPNP experimental protocol
Crystals were provided by C Mao and M Zhou, (Cornell Uni-
versity) and were prepared for freezing by transfer into normal
mother liquor containing 50% PEG 400, which acts as a cryo-
protectant. Using a symmetric detector arrangement, a total of
50-60 ° of contiguous data were collected using the oscillation
method in 0.75° or 1.0° wedges, with exposure times ranging
from 15-40 s. One crystal was used per data set, resulting in
high redundancy and >95% completeness in 1.5-2.0 h of data
collection time. For the 9-deazainosine complex, a crystal was
soaked for one hour at room temperature in mother liquor
with the addition of 4 mM 9-deazainosine. Data for this soak
were processed to a final RKsm of 5.2% for the 238117 observa-
tions of 27 991 unique reflections (94% complete) recorded.
TRN experimental protocol
Crystals and data were provided by SR Armstrong (Cornell
University). A cryoprotecting mother liquor was developed
consisting of 25% glycerol (w/v) and 60% (aqueous saturated)
ammonium sulfate in citrate buffer at pH 4.8. Complex soaks
were done in this liquor for 24 h with 2-4 mM compound.
The unit-cell constant of the frozen crystals was a=148.2 A.
The reason for the failure to get native crystals to freeze and
diffract beyond 3.0 A resolution, while complexes generally
have diffracted at or beyond 2.0 A resolution, is still unknown.
Pseudothymidine is 1-[2-deoxy-3-D-ribofuranosyl]-5-methyl-
pseudo-uracil. Data were collected for the TRN soak of this
compound using the oscillation method on a single frozen
crystal with a symmetric detector at 60 mm. 80 oscillations
(0.750, 10 s) were collected for a total of 60 ° of contiguous
data. A total of 236448 observations of 23749 unique reflec-
tions were measured. Data were cut off beyond the 2.3 A reso-
lution shell on the basis of overall Rsym values of higher bins
being greater than 15%. Even in the 2.3 A resolution bin,
however, the average Il/a(I) was greater than ten.
High-energy small-molecule experimental protocol
The two nucleoside analogs used were [4aR-(4aaot,6[3,7aa)]-1-
hexahydrofuor [2,3-e]- 1,2-oxathiin-6-yl)-5-methyl-S,S-dioxide
2,4(1H,3H)-pyrimidine-dione (compound 1) and [4aR-(4aX,
613,7a3)] -1-hexahydrofiuor [2,3-el- ,2-oxathiin-6-yl)-5-methyl-
S,S-dioxide 2,4(1H,3H)-pyrimidine-dione (compound 2),
which differ only in inversion about C4'. Polycrystalline samples
of each were kindly provided by A Secrist, Southern Research
Institute (SRI), Birmingham, AL 35205, USA [42]. Single crys-
tals of both compounds were prepared by slow evaporation
from aqueous solutions of the material.
For data collection, crystals of both were affixed, using epoxy,
to glass fibers mounted in crystallographic brass pins. Mounted
crystals were then flash frozen. Single crystals of both com-
pounds 1 and 2 were used to collect 218 ° (20,120 s oscillations)
and 238 ° (3,30 s oscillations) of data, respectively, using a detec-
tor distance of 35 mm. Data were processed to 0.65 A for both.
For the former, 47280 observations of 8115 unique reflections
(72% complete) were integrated, with an overall RSYm of 2.9%
~~~~~~~~~~~~sym(Rsy s ranged smoothly from 2.5% to 5.4% in the resolution
bins). For the latter, 11477 observations of 1978 unique reflec-
tions (74% complete) were integrated with an overall Rsy of
3.9% (Rsv, s ranged smoothly from 3.7% to 5.3% in the resolu-
tion bins). Direct methods were used to determine the three-
dimensional structures of both molecules using the Structure
Determination Package (SDP; BA Frenz and Associates Inc.,
Texas, USA and Enraf-Nonius, Delft, Holland.)
Ossamycin crystals and data were provided by E Lobkovsky and
JC Clardy (Cornell University). A room temperature data set for
this compound was collected by the oscillation method. A total
of 207° of data was collected in 30, 90 s oscillations with a sym-
metric detector at 44 mm. Overall, 33457 observations of 6660
unique reflections were integrated to 1.0 A resolution. Direct
methods employed the SHELX-86 package [43], whereas
SHELX-93 was used for anisotropic structural refinement [41].
Rusticyanin MAD experimental protocol
Crystals were provided by P Proctor and M Shoham (Case
Western Reserve). A total of 247 ° of useable room-tempera-
ture data were collected using the oscillation method on four
capillary-mounted crystals at three wavelengths around the
copper K absorption edge (see [33] for details on rationale for
wavelength selection). Data were collected using a combination
of oriented mirror-symmetry and inverse-beam geometry based
upon the orientation of the b axis in the mounted crystals.
Data have been processed using several schemes for merging
independent crystal and wavelength measurements. Final data,
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however, were processed with independent crystal data being
maintained separately but with all three wavelengths for each
single crystal merged. Data that had been merged in this way,
were processed with Bijvoets considered equivalent and non-
equivalent for scaling, but in both cases Bijvoets were written
out as unique reflections for further MAD processing. In this
scheme, all six observations of any reflection could be directly
compared and outlier measurements more easily eliminated.
Overall, the data were greater than 90% complete to 2.5 A res-
olution, with an Rsym of 6.0%. Patterson-map generation was
done using programs of the CCP4 Suite (v 2.6) (The CCP4
Project, Warrington).
MAD calculations have been done using both a pseudo-iso-
morphous derivative approach, provided by the program
MLPHARE [44] of the CCP4 Suite, and a version of the Hen-
drickson-derived MAD phasing formalism, provided by the
program MADPRB (AM Friedman, TO Fischmann, and Y
Shamoo, Abstract TRN07 of the Annual American Crystallo-
graphic Association Meeting in Atlanta, Georgia, June 1994) in
conjunction with programs from the MADSYS package [45].
In its initial application, the former method provided uninter-
pretable electron-density maps which were inconsistently
affected by density-modification procedures. These results
were partially a result of inappropriate merging of data before
MAD analysis and were further considered to be consistent
with the anticipated problems created by the presence of a
single-anomalous scatterer in a polar space group. Maps with
distinctly identifiable protein and solvent regions have been
generated with the latter approach; attempts at phase improve-
ment by density modification procedures have resulted in a
high quality 2.2 A map, which is currently being used to
model the three-dimensional structure of the protein.
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